The Dbl oncogene is the putative exchange factor for two small GTP-binding proteins, RhoA and CDC42 which are involved in the polymerization of actin to produce stress ®bers and ®lopodia, respectively. We report here that Dbl oncogene-transformed NIH3T3 cells show actin stress ®bers only when cells are plated on ®bronectin. Plating of cells on collagen I and IV as well as on poly-D-lysine and gelatin induces polymerization of actin to form ®lopodia, lamellipodia and membrane rues but not stress ®bers. The putative collagen receptors, a1/b1 and a2/b1 integrins are expressed at reduced level in Dbl-transformed cells compared to untransformed NIH3T3 ®broblasts. Nevertheless, adhesion to collagens is not altered. Inhibitory monoclonal antibody to mouse integrin b1 subunit blocked adhesion of both Dbl-transformed and untransformed NIH3T3 cells, demonstrating that adhesion to collagen I and IV is mediated by the b1 family of integrins. Dbl product rapidly induces the depolymerization of actin stress ®bers, rounding up of the cells, and formation of ®lopodia and lamellipodia when microinjected in NIH3T3 cells plated on gelatin. Thus, Dbl may exert its eect on actin cytoskeleton organization in response to extracellular proteins by altering integrin-mediated signalling pathways.
Introduction
The mammalian Rho subfamily of ras family of GTPases comprises RhoA, RhoB, and RhoC, Rac1 and Rac2, TC10, two CDC42Hs proteins and RhoG (Hall, 1990 (Hall, , 1994 Shinjo et al., 1990; Vincent et al., 1992) . The mammalian Rho-like proteins cycle between the active state, or GTP-bound state, and the inactive state, or GDP-bound state, and their activity is modulated by several positive and negative regulatory proteins (Boguski and McCormick, 1993) . In particular the intrinsic GTPase activity is stimulated by a negative modulator, the GTPase-activating protein, GAP, while the dissociation of GDP is catalyzed by a guanine nucleotide dissociation stimulator, GDS. Several GDS proteins speci®c for Rho-like GTPases have been identi®ed, (Michiels et al., 1995) and most of these contain a conserved catalytic domain, the Dbl homology (DH) domain (Ron et al., 1991) . Some of the small GTPases of the Rho subfamily have been shown to participate in distinct patterns of actin reorganization. Rac is required for membrane rufing, whereas Rho is required for the formation of stress ®bers . CDC42 is required for polarized cell growth in the yeast S. cerevisiae, and for the formation of actincontaining microspikes, or ®lopodia, in mammalian cells (Kozma et al., 1995; Nobes and Hall, 1995) . Moreover activation of CDC42 in Swiss 3T3 cells leads to the sequential activation of Rac and Rho, suggesting a molecular model for the coordinated control of cell motility by members of the Rho family of GTPases (Nobes and Hall, 1995) .
The Dbl oncogene (Eva and Aaronson, 1985) is the putative exchange factor for two of the members of the Rho subfamily of GTPases, CDC42 and RhoA (Hart et al., 1991 (Hart et al., , 1994 . Previous studies have indicated that the Dbl oncogene and proto-oncogene products are associated with the cytoskeletal matrix and may thus regulate cytoskeletal-associated activity involved in the maintenance of cell polarity and shape and in the induction of cytokinesis. However the eect of the Dbl oncogene on actin cytoskeleton organization as a consequence of its activity as a GDS on CDC42 and RhoA is not known.
We report here that actin stress ®bers are formed in Dbl-transformed cells only upon adhesion on the extracellular matrix ®bronectin. Plating of cells on collagens, gelatin, and poly-D-lysine causes morphological changes involving cell shape, stress ®bers depolymerization and formation of ®lopodia and lamellipodia. While Dbl expression does not in¯uence attachment to extracellular matrices, it induces alteration of expression of speci®c integrin a subunits.
We conclude that Dbl-activated small GTP-binding proteins control actin cytoskeleton organization as a consequence of cell adhesion to a speci®c extracellular substrate, possibly by aecting integrin expression and/ or their signaling. the regulation of actin cytoskeleton. We thus examined the actin polymerization state in Dbl-transformed NIH3T3 cells. Cells were plated overnight on poly-Dlysine-or gelatin-precoated glass slides in DMEM medium with 10% calf serum, ®xed in paraformaldehyde and stained with rhodamine phalloidin. As shown in Figure 1b control NIH3T3 cell showed very organized actin cytoskeleton with long numerous densely packed stress ®bers. On the contrary, Dbltransformed cells displayed a punctate distribution of actin and almost no stress ®bers (Figure 1a ). In addition we observed the presence of long peripheral ®lopodia and areas of membrane ruings as well as presence of lamellipodia. The shape of Dbl-trans- Figure 1 Immuno¯uorescence staining of actin ®laments in Dbl transfectant c, e, g) or untransformed NIH3T3 (b, d, f, h ) cells allowed to attach to dierent substrates. Cells were ®xed, permeabilized and stained for actin ®laments using TRITCconjugated phalloidin. In Dbl-transformed cells plated on poly-D-lysine (a), collagen I (e) or collagen IV (g), the actin cytoskeleton appears organized mainly in long peripheral ®lopodia (arrows) and lamellipodia (arrowheads) and stress ®bers are not evident; when cells are plated on ®bronectin (c), actin is polymerized in stress ®bers. In untransformed NIH3T3 cells, the actin cytoskeleton is organized in long and numerous stress ®bers regardless of the substrate used (polylisine: b, ®bronectin: d, collagen I: f, collagen IV: h). Bars, 5 mm formed cells was also very dierent from that of untransfected NIH3T3 cells. Dbl transformants plated on gelatin showed a morphology similar to that observed when cells were plated on poly-D-lysine with marked round morphology, while untransfected NIH3T3 cells maintained spread and formed actin stress ®bers (data not shown). These results indicate an eect of Dbl on actin cytoskeleton organization possibly mediated by Dbl-induced activation of CDC42 or RhoA.
The lack of stress ®ber organization in Dbltransformed cells plated on poly-D-lysine or gelatin suggested an adherence-dependent actin cytoskeleton organization. Thus, to evaluate the response to a speci®c extracellular matrix, Dbl-transformed cells were plated overnight on glass coverslips precoated with ®bronectin, collagen I or collagen IV. As shown in Figure 1d , f and h, while control NIH3T3 cells organized stress ®bers and spread on all the extracellular matrices tested, in Dbl-transformed cells the presence of stress ®bers was evident only when cells were plated on ®bronectin ( Figure 1c ). In this case Dbl-transformed cells showed a morphology very similar to normal NIH3T3 cells, with an even more striking formation of actin stress ®bers and occasional presence of ®lopodia and lamellipodia. The presence of ®bronectin also induced a dramatic cell shape change and the cells appeared very adherent and stretched out in a ®broblast-typical morphology. Dbl-transformed cells plated on the other matrices (Figure 1e , g) showed a very round shape, lack of stress ®bers and presence of ®lopodia, lamellipodia and membrane rues. These results suggested that in Dbl-transformed cells actin polymerization is dierently regulated in response to speci®c extracellular matrix proteins.
To evaluate the speci®city of the eects on actin polymerization and cell shape observed, we analysed several dierent independent clones of Dbl-induced NIH3T3 transformants including transfectants induced by either genomic or cDNA clones of the Dbl oncogene. In all the cases analysed, actin stress ®bers were observed only when Dbl-transformed cells were plated on ®bronectin (Figure 2b , d and f), while formation of ®lopodia, lamellipodia and membrane ruing was observed when cells were plated on poly-D-lysine (Figure 2a , c and e). We extended our analysis of actin polymerization to NIH3T3 cells transformed by dierent oncogenes, including Ras, Src (Figure 2g ± k) and Fos (not shown). Very few actin stress ®bers were observed in cells transfected by these other oncogenes when cells were plated on poly-D-lysine. No ®lopodia or lamellipodia were observed. Plating of the cells on ®bronectin did not change dramatically the actin structure in any of the transfectants analysed. In particular, a slightly higher number of stress ®bers were present in Ras (Figure 2h ) and Fos transfectants with no apparent dramatic change in cell shape, while Src transformed cells (Figure 2k ) did not show any change compared to the cells plated on poly-D-lysine ( Figure  2i ).
Eects of dierent extracellular matrices on cell growth and Dbl protein expression in transfectants
To evaluate if the failure to promote stress ®bers on substrates other than ®bronectin could aect the growth potential of Dbl-transformed NIH3T3 cells, we analysed and compared growth of various transfectants plated for dierent lengths of time on ®bronectin and gelatin. As shown in Figure 3a , the growth pattern of Dbl-transfectants plated on gelatin was comparable to that observed when the cells were plated on ®bronectin. Clone T1192-44 grew slower than the other two transfectants analysed, but the growth rate on either substrate was the same.
To better characterize the various Dbl-transformed cell lines used and how they respond to distinct extracellular matrices, we compared the levels of Dbl expression in the dierent transfectants and analysed whether plating of the cells on ®bronectin and collagen was aecting Dbl expression. As shown in Figure 3b , while dierences of levels of expression were evident among the various transfectants used, this did not correlate with the construct used to transform NIH3T3 cells or with the fact that the transfectant was a clonal (151-11-44 and 109-6-3-4) or a mass culture (T1192-44, 152-6-11 and 1506-6-35) cell population. Moreover, when the same cells were plated on culture dishes precoated with either ®bronectin or collagen, the levels of expression of Dbl protein were not altered.
These results indicate that the lack of stress ®bers in Dbl transfectants plated on gelatin or collagens does not aect cell growth or Dbl expression and thus it is not associated with alteration in Dbl transforming potential.
Microinjection of puri®ed Dbl protein in NIH3T3 cells induces rounding up and actin reorganization on gelatin but not on ®bronectin
To evaluate the direct eect of Dbl transforming protein in NIH3T3 cells, Dbl oncoprotein was puri®ed by anity chromatography from SF9 insect cells expressing a GST-Dbl fusion protein and microinjected into the cytoplasm of NIH3T3 cells plated on gelatin or ®bronectin. To identify injected cells, we coinjected rabbit IgG, as a marker, and stained the cells with anti-rabbit IgG-FITC. The localization of the polymerized actin was observed using Rhodaminelabeled phalloidin. As shown in Figure 4a ± f, NIH3T3 cells plated on gelatin and injected with puri®ed Dbl transforming protein appeared more rounded and less adherent than uninjected ones. Staining of injected cells showed an accumulation of polymerized actin at the plasma membranes ( Figure 4b ) and, occasionally, rues and short ®lipodia ( Figure 4d ). This eect was more evident when the cells were observed within 1 h after microinjection. In uninjected cells (Figure 4a and c, arrows), among the injected ones, the actin cytoskeleton was organized in well de®ned stress ®bers (Figure 4b 
Dbl expression modi®es the spreading but not attachment of NIH3T3 on collagens
To establish whether the expression of the Dbl oncogene modi®es the adhesive response of NIH3T3 cells to the extracellular matrix proteins, we performed adhesion experiments on puri®ed matrix proteins. Dbl transfected clones 151-11-44 and 152-6-11 and NIH3T3 were plated for 1 h on 96 wells microtiter dishes coated with ®bronectin, collagen IV, collagen I or gelatin. Adherent cells were stained, quanti®ed and analysed on the ability of cells to spread on the matrix proteins. As shown in Figure 5 , Dbl-transfected cells bind equally well to ®bronectin, collagens and gelatin; moreover the Figure 2 Immuno¯uorescence staining of actin ®laments in Dbl transfectants 1506 ± 35 (a, b); T1192 ± 44 (c, d); 109-6-3-4 (e, f) and in H-Ras (g, h) or v-Src (i, k) transformed NIH3T3 ®broblasts. In Dbl-transformed cells, actin polymerization in stress ®bers is observed when cells are plated on ®bronectin (b, d, f), whereas in cells plated on poly-D-lysine ®lopodia (arrows) and lamellipodia (arrowheads) are present in the absence of stress ®bers (a, c, e). In cells transformed by the Ras oncogene (g, h), sparse stress ®bers and membrane rues (arrowhead in g) are visible when cells are plated either on poly-D-lysine (g) or on ®bronectin (h). In cells transformed by the Src oncogene (i, k), the actin appears almost completely depolymerized both on poly-D-lysine (i) and on ®bronectin (k). Bars, 5 mm number of cells adherent to gelatin and collagens was comparable between Dbl-transfected cells and NIH3T3. These data indicate that Dbl transformation does not aect the ability of cells to recognize the dierent substrates.
To evaluate if adhesion to ®bronectin and collagen I or IV was indeed mediated by the integrin family of adhesive receptors, adhesion assays were performed in the presence of the inhibitory monoclonal antibody to the mouse b1 subunit, Ha 2/11. This antibody was able to eciently block adhesion of both NIH3T3 and Dbltransfected cells to collagen IV ( Figure 6 ) and to ®bronectin (not shown). Fifty per cent inhibition was obtained at dilution ranging from 1 : 32 to 1 : 64 for NIH3T3 and at dilution 1 : 16 for Dbl-transformed cells, (Figure 6a, b and c) . The monoclonal antibody GOH3 to the integrin a6 subunit, which was able to block adhesion of Dbl-transfected cells to laminin, did not inhibit the adhesion to collagen IV (Figure 6d) , indicating that the inhibition observed with Ha 2/11 on collagen was speci®c. These data demonstrate that adhesion to collagen IV is dependent on the b1 integrin in both NIH3T3 and Dbl-transformed cells; moreover, adhesion of Dbl-transfected cells to collagens is not defective compared to that of NIH3T3, as shown by the adhesion assay and antibodies inhibition.
We also analysed the ability of cells to spread on the dierent substrata. At 1 h after plating, NIH3T3 cells spread on ®bronectin, collagen IV and gelatin ( Figure  7 ). Cells plated on ®bronectin and gelatin had a more regular shape and exhibited a¯atter morphology, while on collagen IV NIH3T3 presents numerous cytoplasmic extensions. In contrast Dbl-transfected cells were unable to spread on collagen IV and gelatin remaining roughly round, while they spread completely on ®bronectin. Lack of spreading on collagen IV was observed with four independent Dbl-transfected clones (151-11-44, 152-6-11, T1192-44 and 879-36) . Similar results were also obtained by plating cells on collagen I (not shown). These data indicate that Dbl expression does not in¯uence attachment to ®bronectin or collagens, but selectively reduces the ability of cells to spread on collagens and gelatin.
Expression of integrins on the surface of Dbl-transfected cells
To determine if integrin expression was modi®ed in Dbl transformed cells, integrin subunits were immunoprecipitated from cell surface biotinylated cells with antibodies directed to speci®c a subunits. NIH3T3 and Dbl-transformed cells expressed a3/b1, a5/b1, a6/b1, a2/ b1 and low levels of a1/b1 (Figure 8 ). While a1/b1 and a2/b1 are collagen and laminin receptor (Ignatius and Reichardt, 1988; Kramer and Marks, 1989; Languino et al., 1989) , a3/b1 has been considered a putative receptor for collagens, laminin and ®bronectin (Wayner and Carter, 1987; Gehlsen et al., 1988; Elices et al., 1991) . a5/b1 and a6/b1 are receptors for ®bronectin and laminin respectively (Ruoslahti, 1988; Sonnemberg et al., 1988) . The level of a6/b1 was comparable in all the analysed cells. a3/b1 and a5/b1 expression was increased in Dbl-transformed cells, while the amount of a2/b1 and a1/b1 integrin was reduced compared to the level observed in NIH3T3. a2/ b1 expression was not homogeneous between the dierent Dbl-transformed clones, since we found increased expression in 152-6-11 cells, but reduced expression in 151-11-44 and T1192. By densitometric scanning analysis, we found that Dbl-transformed cells expressed from two to tenfold more of a3/b1 and about 30 to 50% of a1/b1 compared to the level of NIH3T3 cells. Dbl 151-11-44 showed the highest levels of a3/b1 cell surface expression. Analysis of metabolically labeled cells indicated that Dbl transformation aects integrin expression at the level of protein synthesis rather than of post-translational modi®cations or of cell membrane transport (data not shown).
These data indicate that transformation of cells with the Dbl oncogene modify the expression of speci®c integrin a subunits. However adhesion assays show that the ability of Dbl-transformed cells to adhere to matrix proteins is not modi®ed compared to NIH3T3, suggesting that the observed variations in integrin expression have no evident eect on the adhesive behavior. 3 cells were plated in microtiter wells coated with 2 mg/ml gelatin (gel) or 10 mg/ml ®bronectin (FN) and cultured for 24, 48, 72, and 96 h. At the indicated times cells were ®xed, stained and counted. Time 0 corresponds to 2 h of plating. (b) Dbl protein expression in NIH3T3 transfectants grown on dierent adhesion substrates. Dbl transfectants and untransfected NIH3T3 cells were grown for 18 h on untreated culture dishes (U) or on dishes precoated with 10 mg/ml collagen (C) or ®bronectin (F). Dbl proteins were immunoprecipitated from cell lysates with anti-dbl-2 antibody, separated by SDS ± PAGE and immunoblotted with anti-dbl-2. p66 and p58 indicate the two forms of Dbl oncoprotein encoded by the originally isolated and the terminally truncated clones of Dbl oncogene, respectively 
Discussion
The Rho-like GTPases belong to the ras family of low molecular weight G-proteins which function as molecular switches in several signal transduction pathways (Boguski and McCormick, 1993) . Inactivation occurs by their low intrinsic GTPase activity which is stimulated by the interaction with a speci®c GTPase activating protein (GAP), while activation is mediated by the GDP dissociation stimulators (GDSs). In mammals the Rho subfamily consists of RhoA, B, C, G, Rac1 and 2, TC10, and CDC42Hs1 and 2. In ®broblasts RhoA function has been associated with the formation of actin stress ®bers and the assembly of focal contacts, membrane associated structures connecting integrin adhesion molecules with the actin Figure 4 Reorganization of actin cytoskeleton in Dbl-microinjected subcon¯uent NIH3T3 ®broblasts. Cells plated on gelatin (a ± f) or ®bronectin (g ± k) were microinjected with the Dbl oncoprotein and rabbit IgG as a marker (a ± d; g, h) or with the marker protein alone (e, f; i, k). Injected cells were identi®ed using FITC-conjugated goat anti-rabbit IgG (left-hand panel) and doublestained for actin ®laments using TRITC-conjugated phalloidin (right-hand panel). Arrowhead in (d) points to membrane rues and short ®lopodia. The arrows indicate uninjected cells. Bar, 10 mm cytoskeleton . Microinjection of C3 transferase, a speci®c inhibitor of Rho (Aktories et al., 1989; Sekine et al., 1989) , into a wide variety of cells results in a complete loss of actin stress ®bers, while microinjection of RhoA protein induces the assembly of focal contacts and stress ®bers in serumstarved ®broblasts, an eect that is also seen upon exposure of the cells to the serum factor lysophosphatidic acid (LPA). In contrast to LPA-induced stress ®ber formation, most other growth factors like PDGF, EGF, insulin and thrombin rapidly induce membrane ruing in certain ®broblast cells. Injection of the ®broblasts with constitutive active Rac1 (Rac1 V12 ) increases the amount of cortical F-actin and rapidly induces the formation of membrane rues and pinocytic vesicles . CDC42 was identi®ed in budding yeast S. cerevisiae as a gene involved in bud site assembly, polarized cell growth and actin cytoskeleton organization (Adams et al., 1990) . In mammalian cells CDC42 triggers the polymerization of actin leading to the formation of ®lopodia accompanied by the assembly of multimolecular focal complexes at the plasma membrane (Nobes and Hall, 1995) .
Dbl oncoprotein has been shown to function as a GDS speci®cally for two members of the Rho family of proteins, CDC42Hs and RhoA (Hart et al., 1991 (Hart et al., , 1994 . Therefore it has been proposed that this deregulated oncogenic GDS can trigger constitutive activation of Rho proteins. Since Rho family proteins regulate the actin cytoskeleton, the chronic activation of RhoA and CDC42 may perturb the organization of the actin cytoskeleton and cause alterations in cellular Figure 5 Adhesion of control NIH3T3 cells and Dbl transformants 151-11-44 and 152-6-11 to puri®ed matrix proteins. Microtiter plates were coated respectively with 30 mg/ml ®bronectin, collagen IV, collagen I or 2 mg/ml gelatin. Cells were detached by gentle trypsin treatment and plated in serumfree medium for 1 h at 378C. Cells were ®xed, stained and photographed. The number of adherent cells was determined by counting cells on photographs. Histograms represent the mean value of six independent experiments. Vertical bars represent standard error of the mean. Adhesion is expressed as percentage, referred to NIH3T3 adhesion on ®bronectin as 100% Figure 6 Inhibition of cell adhesion to collagen IV by anti mouse b1 monoclonal antibody. NIH3T3 (A), 152-6-11 (B) and 151-11-44 (C) cells were plated for 1 h in serum-free medium on collagen IV-coated microtiter dishes in presence of progressive dilutions of mAb Ha 2/11 (sterile culture medium). Cells were ®xed, stained and the adherent cells were counted. Antibody dilutions: 0: no antibody added; 1=1 : 2; 2=1 : 4; 3=1 : 8; 4=1 : 16; 5=1 : 32; 6=1 : 64; 7=1 : 128; 8=1 : 256; 9=1 : 512. (D) 152-6-11 cells were plated on collagen IV-coated microtiter wells with no antibodies (1), in presence of 1 : 4 dilution of mAb Ha 2/11 (2), or of 1 : 2 dilution of mAb GOH3 (3) growth and morphology. However the precise mechanism of transformation by DH-containing oncogene proteins is presently unknown.
It has been previously shown that Dbl-transformed cells display a well-organized actin cytoskeleton and numerous actin stress ®bers, a cytoskeleton organization similar to that observed in RhoA (L63)-transformed cells (Khosravi-Far et al., 1994) . Dbl oncoprotein is also an exchanger for CDC42 and this activity should lead to disorganized actin cytoskeleton and formation of ®lopodia. Our results indicate that attachment of Dbl-transformed cells on ®bronectin is, in fact, inducing adherence and spreading accompanied by heavy formation of stress ®bers, consistent with Dbl-induced RhoA activation. Spreading and stress ®bers formation is, on the other hand, impaired by the adherence of Dbl-transformed cells to other extracellular matrices including collagen I and IV. On these latter substrates cells round up and actin polymerization leads to the formation of ®lopodia and membrane rues. This morphology seems to be rather speci®c to Dbl-transforming activity since it is observed in dierent Dbl-transformed cell lines, it is induced by microinjection of active Dbl protein into NIH3T3 ®broblasts and it is not evident in cells transformed by other oncogenes, including H-ras, v-src and v-fos.
Cell adhesion to extracellular matrix protein is mediated by the cell membrane receptors which belong to the integrin family. Integrins are heterodimers formed by a and b subunits, which connect the extracellular environment with the contractile cytoskeleton inside the cell (Hynes, 1992) . Integrin binding to its ligands mediates reorganization of actin cytoskeleton leading to cell spreading. Since Dbl-transformed cells retain the ability to organize stress ®bers on ®bronectin, but not on collagens and gelatin, we wondered whether Dbl may aect integrin expression. Indeed Dbl-transformed cells expressed decreased amount of a1b1 and a2b1 (two collagen receptors) and increased levels of a3b1 (a promiscuous receptor for collagen/®bronectin/laminin) and a5b1 (a fibronectin receptor). This altered integrin expression, however, Twenty-four well dishes were coated respectively with 30 mg/ml ®bronectin, collagen IV, I or 2 mg/ml gelatin. Cells were detached by gentle treatment with trypsin and plated in serum-free medium for 1 h at 378C. Cells were ®xed, stained and photographed did not aect the ability of Dbl-transformed cells to adhere to collagens. Short term adhesion assays showed that, in fact, Dbl-transformed and untransformed NIH3T3 cells exhibited similar ability to adhere to collagens. In addition, using inhibitory monoclonal antibodies, we showed that adhesion to collagens is mediated primarily by b1 integrin complexes both in NIH3T3 and Dbl-transformed cells. Thus, it can be postulated that the increased expression of the a3b1 promiscuous receptor compensates for the reduction of a1b1 and a2b1 collagens receptors. Alternatively, the reduced levels of a1b1 and a2b1 are still sucient to support good collagen adhesion. Microinjection experiments also support the conclusion that altered integrin expression is not primarily responsible for the lack of spreading and stress ®bers organization in Dbl-transformed cells adherent on collagens. In fact, microinjection of active Dbl protein into NIH3T3 cells induced rapid morphological changes, loss of stress ®bers and organization of ®lopodia and lamellipodia when cells are plated on gelatin. Since these events become apparent as early as 15 min after microinjection it is unlikely that they are mediated by alteration in integrin expression. More likely this phenomenon can be the result of an alteration in integrin signaling pathway.
Activation of RhoA has been postulated to be a required event for integrins clustering and subsequent interactions with the molecular machinery leading to focal adhesions assembly on ®bronectin (Hotchin and Hall, 1995) . In addition, small G-proteins such as R-Ras or RhoA have been reported to modulate binding anity of integrins for their ligands (Zhang et al., 1996; Laudanna et al., 1996) . Since Dbl is a GDS for RhoA and CDC42, its ability to activate these two GTPases may in turn in¯uence integrin functional state and activity. The behavior of Dbl-transformed NIH3T3 on collagens and ®bronectin suggest that in these cells collagen and ®bronectin receptors are dierentially aected by small GTPases in their ability to organize actin cytoskeleton. On ®bronectin the RhoA pathway is predominant leading to stress ®bers organization, while on collagens this pathway is somehow impaired and cells are rich in ®lopodia and lamellipodia, suggesting that the CDC42 pathway dominates.
Materials and methods

Cell lines and antibodies
NIH3T3 cells as well as Dbl transfectants of NIH3T3 have been described (Zangrilli and Eva, 1995) . Brie¯y, Dbl transformed cell line 109-6-3-4 was obtained by transfecting NIH3T3 ®broblasts with Dbl genomic clone C14-1-2 (Eva and Aaronson, 1985) , mass cultures of Dbl transformants were obtained by transfecting NIH3T3 cells with either Dbl cDNA clone p4.5 ) (cell lines 1506-35 and T1192-44) or Dbl cDNA clone DNDbl ) (cell lines 151-11-44 and 152-6-11). All cells were cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% calf serum (CF). Cells transfected with p4.5 (pSV/gpt) were selected in Killer hypoxantine/aminopterin/thymidine medium. Cells transfected with DNDbl (pZip-neo) were selected in DMEM medium containing 375 mg/ml of G418. H-ras-, v-src-, and v-fos-transformed NIH3T3 cells were kindly provided by JO Pierce.
The following monoclonal antibodies (mAbs) were used : mAb Ha 2/11 to the mouse b1 integrin (gift from Dr C Damsky) and mAb GOH3 to the integrin a6 subunit (gift from Dr A Sonnemberg). To selectively immunoprecipitate the mouse integrin a subunits, polyclonal antibodies prepared by injecting rabbits with synthetic peptides reproducing the cytoplasmic domain of the dierent a subunits, were used .
Protein puri®cation
The GST-Dbl fusion protein designated GST-Dbl was prepared, as previously described (Hart et al., 1994) , by introducing a BamHI site at the start codon (by the polymerase chain reaction) in order to fuse the Dbl cDNA in frame with the 3' end of the GST cDNA in the pGEX-2T vector (Pharmacia). Sequences that contained the coding regions for GST together with the coding region for Dbl protein were inserted into the baculovirus transfer vector pVL1393 (Invitrogen). The GST-Dbl protein was puri®ed from S.Frugiperda (Sf9) cells by glutathioneagarose chromatography as described .
Fluorescence microscopy
For immuno¯uorescence microscopy, acid-washed glass coverslips were coated with 20 mg/ml ®bronectin (Boehringer Mannheim), collagen IV (Sigma), collagen I (Sigma), poly-D-lysine (Sigma) or gelatine (Fluka). Cells were , 151-11-44, 152-6-11, and T1192-44 cells. Cells at con¯uence were detached from the plates and cell surface proteins were biotinylated in suspension as indicated in Materials and methods. Labeled cells were detergent extracted and subjected to immunoprecipitation with polyclonal antibodies to the a1, a2, a3 and a5 subunits, or with mAb GOH3 to the a6 subunit. The position of the a subunits are indicated by the arrows. The lower band represents the associated b1 subunit detached by trypsin/EDTA treatment, washed twice, plated for the indicated times in serum-free medium and ®xed in 3% paraformadehyde, 60 mM sucrose in PBS for 10 min.
To stain actin cytoskeleton, cells were permeabilized with 0.5% Triton X-100 : 3% paraformaldehyde, 4 : 6 (TBS) for 5 min at 48C. Actin was visualized with¯uorescein-labeled phalloidin. The cover slips were mounted in PBS : glycerol, 1 : 1, and viewed on a Olimpus BH2-RFCA¯uorescence microscope. Alternatively, cells were ®xed in 4% paraformaldehyde in PBS for 30 min, permeabilized with 0.1% Triton X-100 in PBS and actin was visualized with TRITCconjugated phalloidin for 45 min at room temperature. Slides were mounted with a mounting solution of PBS : glycerol, 1 : 9 containing 1 mg/ml of parafenylenediamine and observed at a Zeiss Axiophot epi¯uorescence microscope (Zeiss, Obeckochen, Germany). Micrographs were taken on a Kodak 400 ®lm.
Adhesion experiments
Adhesion assays were performed as described on 96 wells microtiter dishes coated with the dierent matrix proteins. Fibronectin was puri®ed from human plasma by anity chromatography on gelatineSepharose as described previously (Tarone et al., 1982) ; collagen I and collagen IV were obtained from Sigma.
Gelatin from porcin skin was purchased by Fluka. Microtiter dishes were coated by overnight incubation at 48C and post-coated 1 h with 1% BSA in PBS. Fibronectin, collagen I and IV were used at 30 mg/ml and gelatin at 2 mg/ml solution in PBS. Cells were released from culture dishes by gentle treatment with 0.05% trypsin, 0.02% EDTA, washed once with DMEM containing 10% CS and twice with PBS, 1 mM CaCl 2 , 1 mM MgCl 2 . 10 5 cells per well were plated in serum-free DMEM, 25 nM HEPES for 1 h at 378C. To test the inhibition on cell adhesion by speci®c antibodies, cells were incubated in serum free DMEM supplemented with 0.1% BSA with progressive dilution of the Mab hA 2/11 (hamster monoclonal antibody to the b1 integrin; gift of Dr C Damsky) for 15 min at 48C and then plated in the adhesion assay. Cells were ®xed with 3% paraformaldehyde, 60 mM sucrose in PBS for 10 min, stained with Coomassie blue and photographed. Cell adhesion was determined by counting cells.
Cell growth curve of Dbl-transformants on gelatin and ®bronectin
Twenty-four well microtiters were coated for 2 h at 378C with 10 mg/ml ®bronectin or 2 mg/ml gelatin and post coated for 1 h with 1% BSA. Con¯uent cells were detached from culture dishes with 0.05% trypsin, 0.02% EDTA, resuspended in DMEM containing 2% CS and counted. 25610 3 cells were plated per well. Cells were cultured for 24, 48, 72 and 96 h, washed with PBS and ®xed with 3% paraformaldehyde in PBS containing 60 mM sucrose for 10 min, washed twice with PBS and stained with Comassie Blue. Cell growth was determined by counting cells. The growth curve was repeated three times and each point was performed in quadruplicate. The values represent average of the quadruplicates of one representative experiments.
Immunoprecipitation and immunoblotting of Dbl proteins
Tissue culture dishes were coated with 10 mg/ml of ®bronectin or collagen IV. Con¯uent cultures of NIH3T3 cells and Dbl transfectants were trypsinized and 5610 6 cells were plated on either untreated or precoated tissue culture dishes in DMEM containing 10% CS. Eighteen hours later cells were lysed using 0.5 ml of lysis buer (10 mM sodium phosphate, pH 7.4; 0.1 M NaCl; 1% Triton X-100; 0.1% sodium dodecyl sulfate (SDS); 0.5% sodium deoxycholate (DOC); 1 mM phenylmethylsulfonyl¯uoride (PMSF), 10 mg/ml 71 aprotinin, 10 mg/ml 71 leupeptin, 10 mg/ml 71 pepstatin) and the extracts were clari®ed by centrifugation. Speci®c Dbl products were detected by immunoprecipitation with anti-Dbl-2 antibodies (Ron et al., 1988) , electrophoresis through SDS-8% polyacrylamide gels followed by immunoblotting with anti-Dbl-2 antibodies.
Microinjection
Mouse NIH3T3 ®broblasts were trypsinized and plated in DMEM containing 10% CS at a density of 5610 4 cells per well on 12 mm glass coverslips, each in 15 mm diameter well. Coverslips were previously ethanol-washed and coated with 2% gelatin or 20 mg/ml of ®bronectin. Cells were allowed to spread (4 ± 5 h) and then serum starved overnight in serum free DMEM. Microinjection was performed using an Eppendorf microinjector (model H5171; Eppendorf, Hamburg, Germany) and an inverted Zeiss microscope (model IM35; Zeiss, Oberkochen, Germany). Injection pressure was set at 30 ± 80 hPa and the injection time at 0.3 ± 0.5 s. The recombinant GSTDbl protein (260 mg/ml in PBS) was microinjected into the cytoplasm of the cells. Injected cells were visualized by coinjection of rabbit immunoglobulin G (IgG) to mouse (Cappel, Organon Teknika Corp, West Chester, PA) as marker protein, at a concentration of 0.5 mg/ml. After microinjection, the cells were returned to the incubator at 378C for 30 to 60 min, then ®xed with 4% formaldehyde in PBS (30 min at 258C) and permeabilized with 0.1% Triton X-100 in PBS for 10 min. To identify injected cells, they were incubated for 1 h at 258C with FITCconjugated goat anti rabbit IgG (1 : 100; Cappel, Organon Teknika Corp, West Chester, PA). To stain polymerized actin, cells were incubated with TRITC-conjugated phalloidin (10 mg/ml in PBS; Sigma, Chemical Co, St. Louis, MO) for 45 min at 258C. Coverslips were ®nally mounted with 50% glycerol in PBS for observation at a Zeiss Axiophot epi¯uorescence microscope (Zeiss, Oberkochen, Germany).
Immunoprecipitation of integrins from cell surface biotinylated cells
Cells at con¯uence were detached by trypsin treatment, washed once with complete medium and counted. Equal number of cells were placed on ice, washed ®ve times with Hank's balanced salts (1.3 mM CaCl 2 , 0.4 mM MgSO 4 , 5 mM KCl, 138 mM NaCl, 5.6 mM D-Glucose, 25 mM HEPES, pH 7.4) and biotinylated by adding 0.5 mg/ml Sulfo-NHS-Biotin (Sigma, stock solution 2006 in DMSO) in Hank's buer for 15 min. Cells were washed three times with Hank's solution, labeling was repeated and the reaction was stopped by washing three times with serum-free DMEM, 0.6% BSA. Labeled cells were washed and detergent extracted for 20 min at 48C with 0.5% Triton X-100 (BDH chemicals Ltd, Essex, England) in 20 mM Tris-HCl pH 7.4, 150 mM NaCl and 10 mg/ml leupeptin, 4 mg/ml pepstatin and 0.1 trypsin inhibitory unit/ml aprotinin. Equal amounts of extracted cell proteins were immunoprecipitated with the indicated antibody, the immunocomplexes were bound to Protein-A-sepharose beads and recovered by centrifugation. Bound material was eluted by boiling beads in 1% SDS, subjected to 6% SDS ± PAGE in non-reducing conditions and the proteins were transferred to nitrocellulose. Biotinylated integrins were detected by incubating blots with streptavidin HRP (Amersham). Brie¯y, the blots were incubated 1 h at 428C in 5% BSA in TBS-T (150 mM NaCl, 20 mM Tris-HCl pH 7.4, 0.3% Tween), washed with TBS-T, and incubated in TBS, 1% BSA containing streptavidin horse radish peroxidase for 30 s, washed and developed with a chemiluminescent substrate (ECL Amersham, UK).
